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ABSTRACT
The abundance scatter of heavier r-process elements (Z > 56) relative to Fe ([r/Fe]) in metal-poor
stars preserves excellent information of the star formation history and provides important insights into the
various situations of the Galactic chemical enrichment. In this respect, the upper and lower boundaries of
[r/Fe] could present useful clues for investigating the extreme situations of the star formation history and
the early Galactic chemical evolution. In this paper, we investigate the formation of the upper and lower
boundaries of [r/Fe] for the gas clouds. We find that, for a cloud from which metal-poor stars formed, the
formation of the upper limits of [r/Fe] is mainly due to the pollution from a single main r-process event.
For a cloud from which metal-poor stars formed, the formation of the lower limits of [r/Fe] is mainly due
to the pollution from a single SN II event that ejects primary Fe.
Subject headings: nuclear reactions, nucleosynthesis, abundances – stars: abundances – stars: massive
1. Introduction
The neutron-capture (n-capture) process which
dominantly creates heavy elements consists of the slow
n-capture process (s-process) and the rapid n-capture
process (r-process) (Burbidge et al. 1957). The s-
process consists of the weak s-process and the main
s-process. Massive stars are the astrophysical sites of
the weak s-process which mainly produces the lighter
n-capture elements (e.g., Sr, Y and Zr) (Lamb et al.
1977; Raiteri et al. 1991, 1993). Asymptotic giant
branch stars are the astrophysical sites of the main
s-process which produces both the lighter and heav-
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ier n-capture elements (Busso et al. 1999). The r-
process consists of the weak r-process (or “lighter
element primary process” (LEPP), Travaglio et al.
2004) and main r-process (Cowan et al. 1991). Be-
cause the yields of both the weak r-process (or
LEPP) elements and the light elements have pri-
mary nature, the weak r-process is suggested to oc-
cur in SNe II with the progenitor mass M > 10M⊙
(Travaglio et al. 2004; Montes et al. 2007). The main
r-process is considered to associate with the final
stages of massive star evolution, yet the actual astro-
physical sites have not been confirmed (Sneden et al.
2008; Ishimaru et al. 2015; Goriely & Janka 2016).
Two astrophysical sites of the main r-process are
paid attention: (1) the SNe II with the progeni-
tor mass M ≈ 8 − 10M⊙ (Travaglio et al. 1999;
Wanajo et al. 2003; Qian & Wasserburg 2007) and (2)
neutron star mergers (NSMs) (Lattimer & Schramm
1974; Eichler et al. 1989; Tsujimoto & Shigeyama
2014a,b). The r-process abundances of the solar sys-
tem have been obtained by Ka¨ppeler et al. (1989) and
Arlandini et al. (1999) using the residual approach.
The two components of n-capture process have been
found in the elemental abundances of metal-poor stars
(Wasserburg et al. 1996; Qian et al. 1998). Based on
the elemental abundances of the main r-process stars
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and the weak r-process stars, adopting the iterative
method, Li et al. (2013b) and Hansen et al. (2014) de-
rived the abundances of the main r-process and the
weak r-process.
Elemental abundances of metal-poor stars reflect
the chemical composition of the natal clouds pol-
luted by different nucleosynthetic processes. Truran
(1981) studied the abundances of the r-process ele-
ments in the Galactic halo stars and suggested that
the r-process enrichment in metal-poor stars originates
from the early massive stars. Because of the secondary
nature (i.e., the yields are correlated with the initial
stellar metallicity), the s-process contributions to the
n-capture elements in interstellar medium (ISM) are
negligible at low metallicities ([Fe/H]≤ −1.5). In this
case, the n-capture elements of metal-poor stars domi-
nantly come from the r-process (Travaglio et al. 1999;
Burris et al. 2000). Study of the abundance charac-
teristics of the n-capture elements in metal-poor stars
is significant for understanding the r-process nucle-
osynthesis and the chemical enrichment history of the
early Galaxy. Gilroy et al. (1988) reported that there
exists a large [r/Fe] scatter for the heavier n-capture
elements at low metallicity. They proposed that the
scatter reflects the inhomogeneous mixing of prod-
ucts from different nucleosynthetic processes. The
large [r/Fe] scatter is also shown in more observational
work (e.g., McWilliam et al. 1995; Ryan et al. 1996;
McWilliam 1998; Sneden et al. 1998; Burris et al.
2000; Honda et al. 2004; Barklem et al. 2005; Franco¸is et al.
2007; Roederer et al. 2010). Mathews et al. (1992)
and Travaglio et al. (1999) calculated the Galactic evo-
lution of the n-capture elements and suggested that the
abundances of the heavier r-process elements should
be produced by the lower-mass SNe II. Sneden et al.
(1994) studied the abundances of the main r-process
star CS 22892-052 and ascribed the Eu enrichment
in this star to the unmixed chemical composition of
the cloud swept up by the SN event. McWilliam et al.
(1995) and McWilliam (1998) analyzed the chemical
abundances of extremely metal-poor stars. They pro-
posed that the observed abundance dispersions of the
heavier n-capture elements indicate the chemical inho-
mogeneities of the ISM. However, Ryan et al. (1996)
suggested that the different gas clouds would be en-
tirely inhomogeneous and the r-process element en-
richment in a gas cloud is only due to the pollution
from a main r-process event. Tsujimoto et al. (1999)
studied the [Eu/Fe] scatter in the Galactic halo and
suggested that the [Eu/Fe] scatter in metal-poor stars
is the integrated results of remnants of the SNe with
different progenitor mass. Argast et al. (2000) ana-
lyzed the [Eu/Fe] pattern of metal-poor stars using the
three-dimensional stochastic evolution model. They
proposed that (1) the large [Eu/Fe] scatter for [Fe/H]
< −3.0 should result from the inhomogeneities of the
clouds swept up by the SNe II with different initial
mass and (2) the [Eu/Fe] scatter decreases with in-
creasing metallicity because of the chemical mixing of
the ISM. Travaglio et al. (2001) calculated the Galac-
tic halo evolution considering the chemical mixing of
the clouds and the products of SNe. They found that
the [r/Fe] scatter at low metallicity is the results of
inhomogeneous mixing of the ISM and the chemical
enrichment of the gas clouds is dominated by the star
formation episodes. Fields et al. (2002) presented a
simple model to explain the [Eu/Fe] scatter for metal-
poor stars and suggested that the decreasing [Eu/Fe]
scatter with increasing metallicity is due to the mixing
of the sources produced by different nucleosynthetic
events. Cescutti (2008) used the stochastic evolution
model to investigate the formation of the [r/Fe] scat-
ter in metal-poor stars and suggested that the different
[r/Fe] dispersions are caused by the massive stars with
different mass (12 ∼ 30M⊙).
Over the years, NSM is also argued as a plausi-
ble astrophysical site of main r-process which leads to
the r-process enrichment in metal-poor stars. Based
on the observed abundances of lighter r-process ele-
ments (i.e., Y and Zr) and heavier r-process element Eu
of metal-poor stars, Tsujimoto & Shigeyama (2014a)
suggested that (1) the core-collapse supernovae pro-
duce the lighter r-process elements and (2) there exist
two types of NSMs: one type only produces the heav-
ier r-process elements and the other produces both the
lighter and heavier r-process elements. Considering
the accretion of ISM and the chemical enrichment of
intergalactic medium, Komiya et al. (2014) calculated
the chemical evolution of the heavier r-process ele-
ments Ba and Eu. They found that both the SNe II
and NSMs can reproduce the abundance patterns of
the heavier r-process elements of extremely metal-
poor stars. Tsujimoto & Shigeyama (2014b) stud-
ied the Eu enrichment in the Galactic halo and pro-
posed that the [Eu/Fe] scatter in the Galactic halo stars
can be explained by the hierarchical galaxy forma-
tion model. Furthermore, they suggested that NSMs
should be the dominant astrophysical site of the main
r-process. Through simulating the chemical and dy-
namic evolution of NSMs, Rosswog et al. (2014) sug-
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gested that the dynamic ejecta of NSMs could pro-
duce the heavier r-process elements with A > 130.
In order to distinguish the products of the SN II and
NSM events, Hotokezaka et al. (2015) calculated the
abundances of the short-lived element 244Pu and com-
pared the theoretical values with the observed abun-
dances. They proposed that the NSM events can nat-
urally explain the 244Pu abundances and are an ex-
cellent candidate of the astrophysical origins of the
heavier r-process elements. By comparing the calcu-
lated abundances with the observed abundances of CS
22892-052, Ramirez-Ruiz et al. (2015) concluded that
NSMs are a favorable source of the heavier r-process
elements in CEMP-r stars. They also found that the
NSM events could naturally explain the scatter of ob-
served Eu abundances in CEMP-r stars. Based on the
discovery of strong r-process enhanced stars in the
ultra-faint dwarf galaxy Reticulum II, Ji et al. (2016)
suggested that the r-process material in Reticulum II
should be produced by the single NSM event. For
examining the NSMs as astrophysical origins of the
r-process elements in dwarf galaxies, Beniamini et al.
(2016a) calculated the proper motion and the time un-
til merger of neutron star binaries. They concluded
that (1) more than 50% of neutron star binaries have
small proper motion to avoid the pollution of SN
ejecta and (2) more than 90% of neutron star bina-
ries merge within 300 Myr. These results indicate
that NSMs could be naturally responsible for the ob-
served r-process abundances of the metal-poor stars
of the early Galaxy. Based on the hierarchical chem-
ical evolution model, Komiya & Shigeyama (2016)
simulated the abundances of the r-process elements
for metal-poor stars after considering the pollution of
NSM ejecta. They suggested that the NSM scenario
can successfully reproduce the [r/Fe] scatter for metal-
poor stars. Through calculating the rate and yields for
the r-process event in dwarf galaxies, Beniamini et al.
(2016b) found that the dwarf galaxies and the Milky
Way share the same r-process mechanism.
For metal-poor stars, the α elements (e.g., Mg,
Si, Ca and Ti) and Fe originate from massive stars
(Woosley & Weaver 1995; Kobayashi et al. 2006;
Heger & Woosley 2010; Mishenina et al. 2013). To
explore the abundance correlations between α ele-
ments and main r-process elements, Li et al. (2014)
plotted the observed [α/Eu] as a function of [Eu/Fe] for
metal-poor stars and found that the observed [α/Eu] ra-
tios decrease linearly with increasing [Eu/Fe] and the
slope is close to −1. The results mean that the abun-
dances of α elements and Fe have no correlation with
those of Eu, which indicates that the astrophysical site
producing main r-process elements does not produce
α elements and Fe. The observational and theoretical
results of the previous work imply that the [r/Fe] scat-
ter is dominated by more than one factor. Obviously,
the upper and lower boundaries of [r/Fe] could pro-
vide useful clues about the extreme situations of the
chemical enrichment of the gas clouds. So the quan-
titative study of the [r/Fe] boundaries in metal-poor
stars is important. In this paper, we investigate the
formation of the [r/Fe] boundaries for the heavier n-
capture elements (Z ≥ 56) of metal-poor stars in § 2.
Conclusions are presented in § 3.
2. Abundance Boundaries of [r/Fe] for the Heav-
ier n-capture Elements in Metal-poor Stars
Generally, Eu is deemed as a typical main r-process
element in the solar system. The left panel of Fig-
ure 1 shows the observed [Eu/Fe] as a function of
[Fe/H] for the metal-poor stars (Westin et al. 2000;
Cowan et al. 2002; Hill et al. 2002; Johnson 2002;
Sneden et al. 2003; Christlieb et al. 2004; Honda et al.
2004; Barklem et al. 2005; Ivans et al. 2006; Honda et al.
2006, 2007; Franco¸is et al. 2007; Lai et al. 2008;
Hayek et al. 2009; Aoki et al. 2010; Mashonkina et al.
2010; Roederer et al. 2010, 2014; Hollek et al. 2011;
Hansen et al. 2012, 2015; Siqueira-Mello et al. 2012;
Cohen et al. 2013; Yong et al. 2013; Mashonkina et al.
2014; Jacobson et al. 2015; Li et al. 2015a,b; Siqueira-Mello et al.
2016). In order to avoid the effect of s-process, we se-
lect the sample stars with [Fe/H] 6 −1.5 and [Ba/Eu]
< 0. The dotted line with −1 slope in the panel repre-
sents the sensitivity limit for the observing Eu, which
is 0.8 dex lower than that adopted by Travaglio et al.
(2001). From the panel we can see that the [Eu/Fe]
scatter is larger than 2 dex at [Fe/H] = −3.0, whereas
the scatter decreases with increasing metallicity. The
observed upper boundary of [Eu/Fe] is explicit: it is
close to a straight line with the slope ∼ −1 for [Fe/H]
. −2.5, while the decreasing trend flattens for [Fe/H]
> −2.5. On the other hand, the observed lower bound-
ary shows a sharp increasing trend for [Fe/H] . −2.5,
while the increasing trend flattens for [Fe/H] > −2.5.
In order to explain the upper and lower boundaries
of [Eu/Fe] for the metal-poor stars, we consider the
initial chemical composition of the gas clouds and the
pollution from the two nucleosynthetic events: (1) the
main r-process event and (2) the SN II event that ejects
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primary Fe (hereafter simply the SN II-Fe event). The
main r-process event (e.g., the SN II with the progeni-
tor massM ≈ 8−10M⊙ or NSM) produces and ejects
the main r-process elements (Travaglio et al. 1999;
Qian & Wasserburg 2007; Tsujimoto & Shigeyama
2014b). Whereas the SN II-Fe event (i.e., the SN II
with the progenitor mass M > 10M⊙) mainly pro-
duces the weak r-process (or LEPP) elements and
ejects light elements and Fe group elements simul-
taneously (Travaglio et al. 2004; Montes et al. 2007;
Li et al. 2013a).
For the main r-process events, although two pos-
sible sites (i.e., the SNe II with the progenitor mass
M ≈ 8 − 10M⊙ or NSMs) attract common attention,
the actual main r-process sites and correspondingmain
r-process yields have not been determined. For a gas
cloud swept up by a single main r-process event, the
relationship between the Eu abundance NEu and the
Fe abundanceNFe is
NEu
NFe
= (
AFe
AEu
)(
MSW,rmXEu + YEu
MSW,rmXFe
), (1)
where MSW,rm is the mass of the cloud. XEu and
XFe are the initial mass fractions of Eu and Fe in the
cloud. YEu is the Eu yield of the main r-process event.
AEu and AFe are the atomic weights of Eu and Fe,
respectively. Based on the observed abundances of
Ba and Eu, Cescutti et al. (2006) computed the mean
[Ba/Fe] and [Eu/Fe] ratios in different [Fe/H] bins. In
this work, we adopt the mean [Eu/Fe] ratios presented
by Cescutti et al. (2006) as the initial abundance ratios
([Eu/Fe]ini) of the gas clouds, which are plotted in the
left panel of Figure 1 by the dashed line. The upper
limits of [Eu/Fe] of the clouds are calculated for two
cases.
Case A: the pollution from the SNe II with the pro-
genitor massM ≈ 8− 10M⊙. The core-collapse SNe
should consist of two routes (e.g., Qian & Wasserburg
2007): (1) the Fe core-collapse SNe with the progen-
itor massM & 11M⊙ from which the light elements
and Fe group elements are ejected and (2) the O-Ne-
Mg core-collapse SNe with the progenitor massM ≈
8−10M⊙ in which the light elements and Fe group el-
ements are not produced. The main r-process may take
place in O-Ne-Mg core-collapse SNe. In this case, the
astrophysical sites ejecting main r-process elements do
not eject light elements and Fe group elements. Owing
to the high Eu abundance ([Eu/Fe] = 1.92) and low
metallicity ([Fe/H] = −3.36), the sample star SDSS
J2357-0052 (Aoki et al. 2010) is taken as the repre-
sentative star and [Eu/Fe] = 1.92 is taken as the up-
per limit at [Fe/H] = −3.36. Adopting the Eu yield
of the main r-process event YEu = 6.4 × 10
−7M⊙
(Travaglio et al. 2001), from equation (1) we can de-
rive MSW,rm = 4.5 × 10
4M⊙. Using the derived
cloud mass, from equation (1) we can derive the upper
limits ([Eu/Fe]up) for the clouds with different metal-
licities which were swept up by the SNe II with the
progenitor massM ≈ 8 − 10M⊙. The calculated re-
sults are shown in the left panel of Figure 1 by the solid
line. We can see that the calculated upper boundary is
close to a straight line with the slope ∼ −1 for [Fe/H]
. −2.5, while the decreasing trend flattens for [Fe/H]
> −2.5. Obviously, the calculated results are consis-
tent with the observed upper boundary of [Eu/Fe] of
the sample stars.
Case B: the pollution from NSMs. Based on the
NSM scenario, Komiya & Shigeyama (2016) explored
the [r/Fe] scatter of metal-poor stars using the hierar-
chical galaxy formation model. They suggested that
the Eu yield of a NSM event is about 1.5 × 10−4M⊙
and the mass of the cloud swept up by the single main
r-process event is about 107M⊙. For the NSM sce-
nario, the Eu yield is about 3 orders of magnitude
higher than what is adopted for Case A and the gas
mass that Eu is diluted into is also about 3 orders of
magnitude higher than what is adopted for Case A.
Adopting the Eu yield YEu = 1.5× 10
−4M⊙ and the
polluted cloud massMSW,rm = 10
7M⊙, we calculate
the upper limits of [Eu/Fe] for the clouds swept up by
NSMs. The calculated results are plotted in the left
panel of Figure 1 by the dotted-dashed line. We can
see that the upper boundaries of [Eu/Fe] for the two
cases are very similar.
For illustrating the formation of the upper bound-
ary of [Eu/Fe] clearly, in the right panel we use the up
arrows to show the jumps of [Eu/Fe]. For the cloud
with the initial ratios [Eu/Fe]ini = −0.59 and [Fe/H]
= −3.5, the final ratio [Eu/Fe]up ≈ 2.06 means that
the [Eu/Fe] ratio jumps from −0.59 to 2.06 because
of the pollution from the single main r-process event.
In this case, the increasing value of [Eu/Fe] reaches
about 2.65 dex, since (1) the initial Fe mass fraction
XFe of the cloud is small and (2) the initial Eu mass
in the cloud is much lower than the Eu yield of the
main r-process event (i.e.,MSW,rmXEu ≪ YEu). On
the other hand, for the cloud with the initial ratios
[Eu/Fe]ini = 0.44 and [Fe/H] = −1.5, the final ra-
tio [Eu/Fe]up ≈ 0.60 means that the increasing value
of [Eu/Fe] is only about 0.16 dex. The two reasons
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lead to the flat of the upper boundary of [Eu/Fe]: (1)
the cloud contains more Fe and (2) the initial Eu mass
in the cloud is higher than the Eu yield of the main
r-process event (i.e., MSW,rmXEu > YEu). The de-
rived results mean that, for a cloud from which metal-
poor stars formed, the formation of the upper limit of
[Eu/Fe] is mainly due to the pollution from a single
main r-process event.
For a gas cloud swept up by a single SN II-Fe event,
the relationship between the Eu abundance NEu and
the Fe abundanceNFe is
NEu
NFe
= (
AFe
AEu
)(
MSW,priXEu
MSW,priXFe + YFe
), (2)
where MSW,pri is the mass of the cloud. YFe is the
Fe yield of the SN II-Fe event. We take the typi-
cal weak r-process star HD 122563 ([Fe/H] = −2.77,
[Eu/Fe] = −0.52, Honda et al. 2006) as the represen-
tative star and take [Eu/Fe]= −0.52 as the lower limit
at [Fe/H] = −2.77. Adopting the polluted cloud mass
MSW,pri = 6.5 × 10
4M⊙ (Tsujimoto et al. 1999),
from equation (2) we can derive YFe = 0.1M⊙. Using
the derived Fe yield, from equation (2) we can derive
the lower limits ([Eu/Fe]lw) for the clouds with dif-
ferent metallicities, which are shown in the left panel
of Figure 1 by the solid line. We can see that the
calculated lower boundary shows a sharp increasing
trend for [Fe/H] . −2.5 and a mild increasing trend
for [Fe/H] > −2.5. There are some observed [Eu/Fe]
ratios that are significantly lower than the calculated
lower boundary in the range −2.5 < [Fe/H] < −2.2.
Note that the initial [Eu/Fe] ratio of a cloud takes some
effect on the lower limit of [Eu/Fe]. In this work,
we take the observed mean [Eu/Fe] ratios as the ini-
tial [Eu/Fe] ratios of the clouds. Obviously, the ac-
tual initial ratios of the clouds could deviate from the
mean ratios. If the actual initial [Eu/Fe] ratio of a
cloud swept up by a SN II-Fe event is lower than the
mean [Eu/Fe] ratio, the actual lower limit of [Eu/Fe]
should be lower than the calculated lower limit plot-
ted in Figure 1. The observed low [Eu/Fe] ratios
should imply that the actual initial [Eu/Fe] ratios of
these clouds are lower than the mean [Eu/Fe] ratios.
Furthermore, because the explosion energy of SNe
II depends on their progenitor mass (Kobayashi et al.
2006; Nomoto et al. 2013) and the mass of the clouds
swept up by the SNe II increases with increasing ex-
plosion energy (Machida et al. 2005), the mass of the
clouds swept up by the SNe II with the progenitor
mass M > 10M⊙ should be larger than that of the
clouds swept up by the SNe II with the progenitormass
M ≈ 8− 10M⊙.
For illustrating the formation of the lower bound-
ary of [Eu/Fe] clearly, in the right panel we use the
inclined arrows to represent the jumps of [Eu/Fe]
and [Fe/H]. For the cloud with the initial ratios
[Eu/Fe]ini = −0.60 and [Fe/H] = −3.5, the final
ratios [Eu/Fe]lw = −1.25 and [Fe/H] = −2.85 imply
that the [Fe/H] ratio jumps from −3.5 to −2.85 be-
cause of the pollution from the single SN II-Fe event.
In this case, the increasing value of [Fe/H] reaches
0.65 dex, since the initial Fe mass in the cloud is
lower than the Fe yield of the SN II-Fe event (i.e.,
MSW,priXFe < YFe). On the other hand, for the
cloud with initial ratios [Eu/Fe]ini = 0.44 and [Fe/H]
= −1.5, the final ratios [Eu/Fe]lw = 0.42 and [Fe/H]
= −1.48 mean that the increasing value of [Fe/H] is
only 0.02 dex. The two reasons lead to the flat of
the lower boundary of [Eu/Fe]: (1) the cloud contains
more Eu and (2) the initial Fe mass in the cloud is
higher than the Fe yield of the SN II-Fe event (i.e.,
MSW,priXFe > YFe). The derived results mean that,
for a cloud from which metal-poor stars formed, the
formation of the lower limit of [Eu/Fe] is mainly due
to the pollution from a single SN II-Fe event.
The first generation of very massive stars only pro-
duces light elements and Fe group elements (Komiya et al.
2014). This abundance pattern is represented by the
prompt (P) component (Qian & Wasserburg 2001)
which should be responsible for the origin of light
elements and Fe for [Fe/H] . −3.5. For the clouds
with [Fe/H] & −3.5, the element Eu originates from
the main r-process events (e.g., the SNe II with the
progenitor mass M ≈ 8 − 10M⊙ or NSMs) and
the element Fe originates from (1) the prompt in-
ventory (P-inventory) of Fe at the early universe
(Qian & Wasserburg 2001) and (2) the SN II-Fe
events. The effect of the P-inventory became smaller
when the SN II-Fe events began to pollute the ISM
(Qian & Wasserburg 2001; Li et al. 2013b). On the
other hand, for the most stars with [Fe/H] . −3.5,
the element Fe should mainly originate from the
P-inventory and the observed r-process abundances
should be ascribed to the surface pollution by the ISM
which had contained r-process material (Komiya et al.
2014; Komiya & Shigeyama 2016).
Figures 2 and 3 show the observed [r/Fe] (r: Ba, La,
Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf,
Os, Ir, Pt, Au and Pb) as a function of [Fe/H] for the
metal-poor stars. From the figures we can see that the
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observed trends of the upper and lower boundaries of
[r/Fe] are similar to those of [Eu/Fe]. For a gas cloud
swept up by a single main r-process event, the relation-
ship between the r-process abundance Ni,r and the Fe
abundanceNFe is:
Ni,r
NFe
= (
AFe
Ai
)(
MSW,rmXi + Yi,rm
MSW,rmXFe
), (3)
whereXi is the initial mass fraction of the ith element.
Yi,rm is the main r-process yield. Ai is the atomic
weight. The main r-process yield Yi,rm can be derived
as:
Yi,rm =
AiN
∗
i,rm
AEuN
∗
Eu
YEu, (4)
whereN∗i,rm andN
∗
Eu are the component abundances,
which are adopted from Li et al. (2013b). Using
the initial [Eu/Fe] ratios of the clouds adopted from
Cescutti et al. (2006) and the component abundances
adopted from Li et al. (2013b), we can derive the ini-
tial [r/Fe] ratios for the clouds, which are plotted in
Figures 2 and 3 by the dashed lines. The upper lim-
its of [r/Fe] of the clouds are also calculated for two
cases.
Case A: the pollution from the SNe II with the pro-
genitor massM ≈ 8 − 10M⊙. Adopting the Eu yield
YEu = 6.4 × 10
−7M⊙ and the polluted cloud mass
MSW,r,m = 4.5 × 10
4M⊙, from equations (3) and
(4) we can derive the upper limits of [r/Fe] for the
clouds swept up by the SNe II with the progenitormass
M ≈ 8 − 10M⊙. The results are plotted in Figures 2
and 3 by the solid lines.
Case B: the pollution from NSMs. Adopting the Eu
yield YEu = 1.5 × 10
−4M⊙ and the polluted cloud
mass MSW,rm = 10
7M⊙, we derive the upper limits
of [r/Fe] for the clouds swept up by NSMs, which are
plotted in Figures 2 and 3 by the dotted-dashed lines.
Obviously, the calculated upper boundaries are close to
the observed upper boundaries of [r/Fe] of the sample
stars. These results could provide more supports for
the suggestion that the formation of the upper limits of
[r/Fe] in a cloud is mainly due to the pollution from a
single main r-process event.
For a gas cloud swept up by a single SN II-Fe event,
the relationship between the r-process abundanceNi,r
and the Fe abundanceNFe is:
Ni,r
NFe
= (
AFe
Ai
)(
MSW,priXi + Yi,pri
MSW,priXFe + YFe
), (5)
where Yi,pri is the primary yield of the ith element
from the SN II-Fe event. The primary yield Yi,pri can
be derived as:
Yi,pri =
AiN
∗
i,pri
AFeN
∗
Fe
YFe, (6)
whereN∗i,pri andN
∗
Fe are the component abundances,
which are adopted from Li et al. (2013b). Adopting
the derived Fe yield YFe = 0.1M⊙ and the polluted
cloud massMSW,pri = 6.5× 10
4M⊙, from equations
(5) and (6) we can derive the lower limits of [r/Fe] for
the clouds with different metallicities. The results are
plotted in Figures 2 and 3 by the solid lines. We can see
that the lines are close to the observed lower bound-
aries of [r/Fe] of the sample stars. The results also
mean that the formation of the lower limits of [r/Fe] in
a cloud is mainly due to the pollution from a single SN
II-Fe event.
3. Conclusions
The [r/Fe] scatter of the heavier n-capture elements
in metal-poor stars preserves excellent information of
the star formation history and provides important in-
sights into the various situations of the Galactic chem-
ical enrichment. In this respect, the upper and lower
boundaries of [r/Fe] could present useful clues for in-
vestigating the extreme situations of the chemical en-
richment of the clouds. In this paper, we investigate the
formation of the upper and lower boundaries of [r/Fe]
for the clouds. The main results are listed as follows:
1. Based on the assumptions of (1) the progenitor
of the main r-process event does not produce Fe and
(2) the yields of the main r-process event possess the
primary nature (i.e., the yields are uncorrelated with
the initial stellar metallicity), we find that the observed
upper boundaries of [r/Fe] can be explained. For the
clouds with the initial metallicities [Fe/H]. −2.5, the
upper boundaries of [r/Fe] are close to straight lines
with slopes ∼ −1, since the mass of the initial r-
process elements in each of the clouds is lower than the
yields of the single main r-process event. On the other
hand, for the clouds with the initial metallicities [Fe/H]
> −2.5, the upper boundaries of [r/Fe] show mild de-
creasing trends, since the mass of the initial r-process
elements in each of the clouds is close to or higher than
the yields of the single main r-process event.
2. Based on the assumptions of (1) the progenitor of
the SN II-Fe event does not produce the main r-process
elements and (2) the yields of the SN II-Fe event pos-
sess the primary nature, we find that the observed
lower boundaries of [r/Fe] can be explained. For the
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clouds with the initial metallicities [Fe/H] . −2.5,
the lower boundaries of [r/Fe] show sharp increasing
trends, since the initial Fe mass in each of the clouds
is lower than the Fe yield of the single SN II-Fe event.
On the other hand, for the clouds with the initial metal-
licities [Fe/H] > −2.5, the lower boundaries of [r/Fe]
show mild increasing trends, since the initial Fe mass
in each of the clouds is close to or higher than the Fe
yield of the single SN II-Fe event.
3. The observed upper and lower boundaries of
[r/Fe] present the extreme situations of the chemical
enrichment in the early Galaxy. The calculated re-
sults mean that, for a cloud from which metal-poor
stars formed, the formation of the upper limits of [r/Fe]
is mainly due to the pollution from a single main r-
process event. For a cloud from which metal-poor
stars formed, the formation of the lower limits of [r/Fe]
is mainly due to the pollution from a single SN II-Fe
event.
Our results may provide useful clues for investi-
gating the star formation history and the early Galac-
tic chemical evolution. Obviously, more observational
and theoretical studies of the main r-process event and
the SN II-Fe event are desirable.
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Fig. 1.— [Eu/Fe] ratios as a function of [Fe/H] for the metal-poor stars. In the left panel, the filled circles represent
the observed abundance ratios. The dashed line refers to the initial [Eu/Fe] ratios of the clouds. The upper solid line
and dotted-dashed line are the calculated upper boundaries of [Eu/Fe] for the clouds swept up by the SNe II with the
progenitor massM ≈ 8 − 10M⊙ and NSMs, respectively. The lower solid line is the calculated lower boundary of
[Eu/Fe]. The dotted line with −1 slope represents the sensitivity limit for observing Eu. In the right panel, the lines
have the same meaning as in the left panel. Each up arrow represents the jump of [Eu/Fe] in a cloud swept up by a
single main r-process event. Each inclined arrow represents the jumps of [Eu/Fe] and [Fe/H] in a cloud swept up by a
single SN II-Fe event.
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Fig. 2.— The same as in the left panel of Figure 1, but for the [r/Fe] ratios (r: Ba, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy and
Ho).
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Fig. 3.— The same as in the left panel of Figure 1, but for the [r/Fe] ratios (r: Er, Tm, Yb, Lu, Hf, Os, Ir, Pt, Au and
Pb).
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